An enhanced computer program has been applied to explain in detail the photon recycling effect which drastically limits the influence of radiative recombination on the performance of p-on-n HgCdTe heterostructure photodiodes. The computer program is based on a solution of the carrier transport equations, as well as the photon transport equations for semiconductor heterostructures. We distinguish photons in two energy ranges according to p + and n region with unequal band gaps. As a result, both the distribution of thermal carrier generation and recombination rates and spatial photon density distribution in photodiode structures have been obtained. The general conclusion, similar to our earlier work concerning 3-lm n-on-p HgCdTe heterostructure photodiodes, confirms the previous assertion by Humphreys that radiative recombination does not limit HgCdTe photodiode performance.
INTRODUCTION
Taking into account the volume carrier generation and recombination processes, three fundamental mechanisms of thermal generation and recombination should be considered in HgCdTe ternary alloy: radiative transitions, and Auger 1 and Auger 7 recombination. Additionally, the nonfundamental Shockley-Read-Hall (SRH) recombination mechanism is associated with trap states (mercury vacancies) and dislocations. 1 Since the 1970s, all these mechanisms have been the subject of extensive experimental and theoretical research. 2 While the influence of SRH mechanisms can be limited by reducing the density of trap states in the technological processes, the radiative and Auger mechanisms represent a fundamental limit on the rate of thermal generation (or recombination) of charge carriers. However, if the charge carrier density can be held below its equilibrium value, an improved signal-to-noise ratio will result in a suitable device structure. 3, 4 Auger suppression as well as low radiative recombination and SRH generation are required to achieve a backgroundlimited infrared performance (BLIP) response near room temperature for both near-infrared low-lightlevel and thermal imaging applications.
Humphreys asserts that traditional radiative recombination is unlikely to limit performance in properly designed photodiodes. 5 The phenomenon known as photon recycling (PR), or reabsorption within semiconductors of photons generated by minority carrier recombination, increases the minority carrier lifetime above that estimated by the traditional theory of van Roosbroeck and Shockley (VRS). 6 Due to reabsorption, the radiative lifetime is greatly extended and dependent on the semiconductor geometry, the absorption coefficient, and the refractive index. It was estimated that the lifetime increases with increasing refraction index, absorption coefficient, and sample thickness. effect requires inclusion of additional terms in the standard set of carrier and photon transport equations, and researchers usually tend to neglect its influence because of the lack of available tools for easy evaluation of this phenomenon in their practical devices. The calculations are usually based on the use of commercially available programs for semiconductor device simulation, which initially do not have the potential for PR modeling.
However, when reabsorption is included, there are two energy interchange processes which need to be considered in any given volume of a semiconductor element: that between carriers and photons within the element, and that between photons within the element and the cavity surrounding it. Therefore, to include PR in detailed modeling of devices, the photon transport equation should be included in the set of carrier transport equations. [8] [9] [10] For photons with energy less than the band gap energy hm < E g À Á , absorption, emission, and scattering are weak and the wave equation describes very thoroughly the overall photon propagation. Mathematically, the equations of propagation are hyperbolic partial differential equations, and their numerical solution is relatively easy and stable. To analyze the PR effect, only photons with energy equal to or higher than the band gap, hm ! E g , are essential. For these photons, however, the probability that a photon propagates in a straight line unhindered is very low; radiative transport is dominated by many scattering, absorption, and reabsorption events. The emitted photons, in turn, are quickly reabsorbed. The net emission (or absorption) is then the small difference between two large terms. More generally, in semiconductor devices, radiation with energy hm ! E g tends to be nearly isotropic and, eventually, close to local thermal equilibrium.
This work is a continuation of our earlier work 10 in which we presented results of calculations performed for n-on-p homojunction HgCdTe photodiodes. The analysis of carrier generation-recombination (g-r) processes and the photon recycling effect was based on numerical solution of the carrier transport equations including a simplified version of the transport equations for selected photons with energy greater than the energy gap. In heterostructure devices, the problem is further complicated by the spatial variation of the energy gap. Photons generated and reabsorbed in an area with narrower energy gap are not reabsorbed in areas with a wider energy band gap. Therefore, it becomes necessary to analyze photons in different frequency ranges separately and formulate their respective balance equations. The principal purpose of this paper is to present numerical methods for solving the transport equations for the electric charge carriers and photons connected with carriers in semiconductor heterostructures. We have developed a previous model that can be applied for heterostructure photodiodes.
Despite the fact that the presented results have been obtained for simple heterostructure photodiodes with only two areas with different widths of energy gap, we also show how to use the method for more sophisticated structures.
The results of the calculations show that photons emitted by radiative recombination events and then reabsorbed in the radiative generation process cause a considerable reduction of the carrier radiative generation (or recombination) rates. Our results once again confirm Humphreys' assertion 5, 7 that the influence of radiative recombination on HgCdTe photodiode performance is greatly overestimated.
ANALYSIS METHOD
Humphreys' calculations of the PR effect apply to materials with an equal energy gap. 5, 7 In further considerations, we assume a procedure described by Humphreys to include the PR effect for heterostructures. If there are areas with a different energy gap in a semiconductor, we should take into account photons with energies corresponding to the appropriate range
denotes the lowest energy gap in the heterostructure. Then, the optical generation rate per unit volume can be expressed as
where m is the frequency, g(m) is the refractive index, c is the velocity of light, a(m) is the absorption coefficient, and q is the photon density as determined by Planck's law. In accordance with Humphreys, the quantities in Eq. 2 can be expressed by appropriate averages
The generation rate per unit volume is then given by
The radiative recombination rate per unit volume is proportional to the product of the electron and hole concentrations: R RAD ¼ knp (see, e.g., Ref. 11). In equilibrium, following VRS we have 6 R RAD ¼ kn 0 p 0 ¼ G RAD , and then k ¼ R RAD =n 0 p 0 , and the net radiative recombination rate is
where
The classical VRS equation for the net radiative recombination rate is
In nonequilibrium conditions, the photon density q i 6 ¼ q i 0 and Eq. 6 is modified to
due to change in the radiative generation rate. The first term of Eq. 9 determines the photon generation rate due to radiative recombination, and the second term defines the photon annihilation rate caused by absorption. If, in any unit of semiconductor volume dV, there is a change in the photon density, then depending on the sign of Eq. 9 this element emits or absorbs part of the photons. The photon balance in a given element of volume can be written assuming a simplified version of the transport equations. The transport equation for photons of density q i with energy
i3 is the photon current density. Here, a source of additional photon generation is carrier radiative recombination, and the source of their annihilation is electron-hole pair generation events. The final term in Eq. 10 represents the divergence of the photon current.
In the next step we include these m equations (10) into the set of four charge carrier transport equations comprising the continuity equations for electrons and holes, Poisson's equation, and the thermal conductivity equation. These equations and the numerical method for their solution were described in our earlier paper. 10 
RESULTS OF CALCULATIONS
In this paper we consider the p . The n-type Hg 1Àx Cd x Te carrier concentration is easy to control in the 10 15 cm À3 range using extrinsic doping, usually by indium or iodine. The composition of an absorber layer has been determined for photodiodes with cutoff wavelengths equal to 5 lm and 11 lm operating at 80 K and 300 K. The widerband-gap p-type capping Hg 1-y Cd y Te (y % x + 0.04) is about 1 lm thick and is not intentionally doped. We choose the following composition x in the n-type region:
k c = 5 lm at T = 80 K, x = 0.3; at T = 300 K, x = 0.27 k c = 11 lm at T = 80 K, x = 0.22; at T = 300 K, x = 0.17 Figure 1b shows an example composition profile for a p-on-n HgCdTe photodiode with cutoff wavelength of 5 lm operating at 300 K.
The numerical analysis has been realized assuming that the structure is illuminated by background flux. We have also assumed that the structure and its surrounding has the same temperature. The absorption coefficient is estimated according to Anderson's model, 12 and the refractive index was taken from Ref. 13 By introducing two additional equations (Eq. 10) for i = 1, 2 into the set of charge transport equations presented in Ref. 10 , we can take into account the PR effect for photons in two energy ranges and thereby effectively estimate the carrier radiative recombination and generation rates. Analyzing Eq. 10 for i = 1, 2 it can be noted that both q 1 as well as q 2 photons are involved in the radiative recombination or generation process; however, photons q 1 are of importance only in the absorber area of the analyzed photodiodes. The reverse bias causes depletion of the charge carriers (extraction effect), being especially strong in the region of the p-n junction. This is the reason for the reduction in the rate of carrier radiative recombination, thus leading to decreased photon densities, both q 1 as well as q 2 . This phenomenon is well illustrated by Fig. 2a, c , in which the spatial distributions of the changes of the photon densities in a reverse-biased photodiode with cutoff wavelength of 5 lm operating at 300 K are presented. The largest reduction in the photon density is observed in the p-n junction. Near the photodiode surface, changes of the photon density are smaller due to the photons inflowing from the environment (background). The presented results seem well suited to quantitative modeling of the nonequilibrium IR detectors by Ashley and Elliott 15 that use carrier extraction under reverse bias to increase the Auger and radiative lifetimes and/or obtain negative luminescent devises. [16] [17] [18] The forward bias leads to an increase in the charge carrier concentration, and thus to an increase in carrier radiative recombination, which is a source of additional photons. As a result, an increase in the photon density is observed. Figure 2b, d shows the spatial distribution of the changes of photon densities in a forward-biased photodiode with cutoff wavelength of 5 lm operating at 300 K. In this case, changes of the photon density at the surface of the 
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photodiode are also smaller due to the emission of photons by the diode to the environment. In this case, positive luminescence is observed. 17 Although the reason for the changes in the photon density on biasing is easy to explain, analysis of the spatial distribution of the carrier radiative recombination (generation) rate is not so simple:
If the carrier concentration is lower than the equilibrium one, the first term of Eq. 10 for i = 1, 2 decreases; in this case, the number of photons capable of carrier generation decreases and as a consequence the second term may also decrease. So, the resulting net generation depends on the change in both values. The situation is further complicated by the fact that the total net generation rate is the result of summing the contribution of photons q 1 and q 2 . However, if the carrier concentration is higher than the equilibrium one, the first term of Eq. 10 for i = 1, 2 increases, but also the second term increases due to the generation of additional photons (q 1 > q 1 0 and q 2 > q 2 0 ). Similarly to the first case, the resulting net generation can increase or decrease depending on the size of the change in the two components. Besides the generation of photons in the semiconductor structure, Eq. 10 (for i = 1, 2) takes into account the impact of photon fluxes on their density.
The spatial distribution of the net carrier radiative recombination (generation) rates in mid-wavelength infrared (MWIR) p-on-n HgCdTe photodiodes operating at 300 K and 80 K are presented in Figs. 3  and 4 , respectively. The diagrams are aligned along the line AA¢ (Fig. 1) . The results of calculations for the classical case (VRS theory) are simple to interpret. Reducing the carrier concentration in the reverse-biased photodiode reduces the rate of carrier radiative recombination, while the rate of carrier radiative generation, which does not depend (according to VRS theory) on the carrier concentration, does not change. Therefore, in a reversebiased photodiode, the net radiative generation prevails. The opposite situation applies in a forward-biased photodiode.
The net spatial distribution of the recombination (generation) rates with the PR effect thereby changes sign, so that regions in which net radiative recombination or generation prevails occur alternately. Let us consider this behavior in detail. For this goal, Eq. 10 can be expressed as
and i = 1, 2. In Fig. 5 , the spatial distribution of the factors c i=1,2 are shown together with the net recombination and generation rates in a reversebiased HgCdTe photodiode with 5-lm cutoff wavelength operating at 300 K.
Analyzing Eq. 11 we notice that the sign of the net carrier radiative recombination and generation is connected both with changing the carrier concentration np=n 0 p 0 ð Þand with changing the photon density q In a reverse-biased photodiode, the number of photons generated decreases (Fig. 2a) . Then, q i 0 q i > 1. However, simultaneously, carrier exclusion occurs inside the structure, especially strongly in the area of the p-n junction and in the weakly doped n-type layer. Then, np=n 0 p 0 < 1. The carrier exclusion effect in the mentioned regions is stronger than the suppression of photons and the factor c i is smaller than 1, for photons with density q 1 as well as those with density q 2 . The carrier exclusion accompanies the increased carrier radiative generation in the n-type region and the region of the p-n junction (Fig. 5a, b) . In this case, these two opposed processes (carrier exclusion and photon suppression) result in the fact that, in the reverse-biased HgCdTe photodiode with cutoff wavelength of 5 lm operating at 300 K, the resultant net generation rate is almost four orders of magnitude lower than the value estimated from the VRS theory (Fig. 3a) . A similar situation occurs for the photodiode operated at 80 K; nevertheless, the PR effect is weaker.
Since photons q 1 with energy E n g hm < E p þ g cannot be absorbed in the p + region with wider energy band gap, only photons q 2 with energy hm ! E p þ g may be considered. In the highly doped p + region, the carrier exclusion effect practically does not exist, so np % n 0 p 0 . However, even slight suppression of photons (Fig. 2c ) results in the fact that the factor c 2 is larger than 1 (Fig. 5b) , causing the increased radiative recombination. Therefore, this region (B) is the source of generated photons, which are reabsorbed in the neighboring regions A and C, leading to the local dominance of the carrier generation rate over their radiative recombination in these regions. Moreover, the near-surface regions A and E are ''stabilized'' by the constant photon flux inflowing from the environment (background). Thus, the net radiative recombination rate differs little from the prediction of Eq. 8.
Forward biasing results in a more complex situation (Figs. 3b, 4b) . A very similar case has been explained in detail for the n-on-p HgCdTe photodiode in our previous work. 10 For heterostructure devices with areas with different energy gaps, it is necessary to analyze photons in different frequency ranges separately; nevertheless, only g-r processes occurring in the active area of photodiodes (n-type absorber) determine their parameters, as clearly illustrated in Fig. 5a , b. The influence of photons with energy E n g hm < E p þ g is much smaller than for photons with energy hm ! E p þ g . The general conclusion is the following: The photon recycling effect leads to local oscillations of the net radiative generation rate, with maximal values several orders of magnitude lower than predicted by the RS theory. Only in small, near-surface regions (order of 1 lm) does the photon recycling effect have any importance due to the influence of background radiation. It appears that the suppression of the radiative recombination (generation) rate by the PR effect is observed at a moderate bias voltage.
Under the condition of a small excess carrier concentration, the classical radiative lifetime (using the VRS theory) can be calculated as .
and if the PR effect is included
Another insight into the contributions of radiative recombination and its influence on the carrier lifetime is shown in Fig. 6a, b , which shows the spatial distribution of radiative and Auger process carrier lifetimes in a reverse-biased 5-lm p-on-n HgCdTe photodiode operating at 300 K and 80 K. It is clearly seen that, for a photodiode operating at 300 K, the photon recycling effect increases the radiative carrier lifetime in the active region (n-type) by orders of magnitude. In this way, the photon recycling makes Auger 1 the dominant process at room temperature rather than the classical radiative mechanism. At 80 K, the radiative carrier lifetime seems to be about an order of magnitude higher, after considering the PR mechanism. The lifetime is limited by a combination of Auger 1, PR radiative, and SRH mechanisms rather than by the classical (VRS theory) radiative mechanism.
It seems that, in long-wavelength infrared (LWIR) photodiodes, taking into account the PR effect in the radiative mechanism, Auger processes will dominate not only near room temperature but even at much lower temperatures. Similar analysis has been performed for photodiodes with cutoff wavelength of 11 lm. Figures 7a, b shows the spatial distribution of radiative and Auger process carrier lifetime in a reverse-biased LWIR p-on-n HgCdTe photodiode operating at 300 K and 80 K.
While in the photodiode operating near room temperature Auger mechanisms prevail even over the classical (VRS theory) calculated radiative mechanism, at 80 K the lifetime is limited by a combination of Auger 1 and classical (VRS theory) radiative mechanisms. The PR effect increases the radiative carrier lifetime in the n-type region by two orders of magnitude, so the influence of the radiative mechanism is not essential. Figures 8 and 9 show the spatial distribution of the net carrier radiative recombination (generation) rates in a reverse-and a forward-biased 11-lm p-on-n HgCdTe photodiode operating at 300 K and 80 K, respectively. Moreover, Fig. 8 presents the net thermal generation rate, G THE , and the net thermal recombination rate, R THE , which are the results of the action of band-to-band (Auger 1 and Auger 7), SRH, and radiative (with PR effect) mechanisms. It is clearly shown that the radiative mechanism does not influence the resultant thermal generation (recombination) rate in high-temperature LWIR HgCdTe photodiodes.
CONCLUSIONS
We have presented a numerical method for analyzing g-r processes in semiconductor heterostructures including the contribution of the photon recycling effect in the interband radiative mechanism. To illustrate the method we considered MWIR and LWIR p-on-n heterostructure HgCdTe photodiodes operating at room temperature and 80 K. Both the distributions of carrier generation and recombination rates and the spatial photon density distribution in the photodiode structures have been obtained. It is clearly shown that the photon recycling effect drastically limits the influence of radiative recombination on the performance of HgCdTe photodiodes. The general conclusion once again confirms Humphreys' previous assertion that radiative recombination, although of fundamental nature, does not limit the ultimate performance of MWIR and LWIR HgCdTe photodiodes at room temperature. Its influence can be observed at lower operating temperature.
